membrane fl uidity recovers to normal (untreated) values during long incubations, suggesting the presence of cellular compensatory mechanisms to maintain plasma membrane integrity. The impact of cytotoxic and cytoprotective bile acids on the average intracellular membrane fl uidity is comparable, although for longer incubation times, a dramatic decrease in membrane fl uidity is only observed for the cytotoxic DCA. The latter effect is preceded by apoptosis, and it is likely a consequence of the apoptotic process itself. On the other hand, only cytotoxic bile acids had an impact on isolated MOM order, and this effect preceded the onset of mitochondria permeabilization. In addition, we showed that DCA-mediated changes in mitochondrial membrane organization are not observed in protein-free liposomes mimicking mitochondrial membrane lipid composition. These fi ndings identify mitochondrial membranes as a likely target of the cytotoxic bile acid DCA and suggest that the mechanism of action of DCA is associated with changes in mitochondrial membrane features that are absent from protein-free mimetic liposomes.
MATERIALS AND METHODS

Chemicals and reagents
1,2-Dioleoyl-sn -glycero-3-phosphocholine, 1,2-dioleoyl-sn -glycero-3-phosphoethanolamine, L -␣ -phosphatidylinositol (PI) sodium salt, POPC, N -palmitoyl-D -erythrosphingosylphosphorylcholine, and 1,3-bis( sn -3 ′ -phosphatidyl)-sn -glycerol (cardiolipin, CL) were purchased from Avanti Polar Lipids (Alabaster, AL). Chol was obtained from Sigma-Aldrich (St. Louis, MO). Stock solutions of all lipids were prepared with Uvasol-grade chloroform with the exception of CL, which was prepared in chloroform-methanol (2:1). Both solvents were obtained from Sigma-Aldrich. DCA and TUDCA in sodium salt form, methyl-␤ -cyclodextrin (CD), NaCl, succinate, and sucrose were purchased from Sigma-Aldrich. UDCA sodium salt was purchased from Santa Cruz Biotechnologies (Santa Cruz, CA), and Tris from Merck (Darmstadt, Germany).
1-[2-Hydroxy-3-( N , N -di-methyl-N -hydroxyethyl)ammoniopropyl]-4-[ ␤ -[2-(di-n -butylamino)-6-napthyl] vinyl]pyridinium dibromide (Di-4-ANEPPDHQ), 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan), [6-amino-9-(2-methoxycarbonylphenyl)xanthen-3-ylidene]azanium (Rho-123), and wheat germ agglutinin conjugated with Alexa Fluor 594 (A594-WGA) were purchased from Invitrogen (Carlsbad, CA). 5(6)-Carboxyfl uorescein (CF) was obtained from Sigma-Aldrich. Fluorescently labeled bile acid derivatives were obtained as previously described ( 14 ) .
Cell culture, isolation of rat primary hepatocytes, and rat liver mitochondria
Primary rat hepatocytes were isolated from the liver of male rats (100-150 g) by collagenase perfusion as previously described ( 21, 22 ) . After isolation, hepatocytes were resuspended in Complete William's E medium (Sigma-Aldrich) ( 23 ) and plated on Primaria TM tissue culture dishes (BD Biosciences, San Jose, CA) at 5 × 10 4 cells/cm 2 . Cells were maintained at 37°C in a humidifi ed atmosphere of 5% CO 2 for 6 h to allow attachment. Plates were then washed with medium to remove dead cells and incubated in Complete William's E medium. Experiments with hepatocytes were carried out 24 h after plating. HEK293T cells were cultured and maintained in DMEM with 10% FBS and 1% of penicillin-streptomycin (Sigma Chemical Co., St. Louis, MO) at such as ursodeoxycholic acid (UDCA) and tauroursodeoxycholic acid (TUDCA) (supplementary Fig. 1 ) have the ability to inhibit apoptosis induced by certain agents in both hepatic and nonhepatic cells ( 10, 12 ) . The UDCA and TUDCA effect seems to be related to the blockage of mitochondrial membrane damage ( 8 ) , inhibiting disruption of the mitochondrial membrane potential by hydrophobic bile acids, reactive oxygen species production ( 10 ) , and Bax protein translocation to mitochondria ( 13 ) .
Activity of both cytotoxic and cytoprotective bile acids is likely to be triggered through two main mechanisms: i ) death receptor modulation through changes in plasma membrane organization (extrinsic pathway of apoptosis) and/or ii) induction/inhibition of the membrane permeability transition in mitochondria (intrinsic pathway of apoptosis).
In support of the hypothesis that the plasma membrane is the target of cytotoxic bile acids, a recent study showed that cytotoxic bile acids such as DCA or chenodeoxycholic acid have the ability to disrupt to some extent the membrane-ordering effect induced by cholesterol (Chol) ( 14 ) . Interestingly, this effect was much less effi cient in the Chol-rich liquid-ordered phase ( l o ), possibly as a consequence of a lower affi nity of the bile acids toward more ordered membranes (14) (15) (16) . This was also recently confi rmed in giant plasma membrane vesicles (GPMVs) isolated from rat tumor mast cells ( 17 ) . The authors have suggested that DCA might interfere with the organization of signaling proteins due to its membrane-disordering effect.
In support of a classical intrinsic apoptotic pathway target, cytoprotective UDCA and TUDCA increased the threshold for apoptosis through inhibition of the mitochondrial permeability transition (MPT) in hepatocytes ( 10, 13, 18 ) . It is possible that DCA and other cytotoxic bile acids act through activation of intrinsic pathways as well. This hypothesis is supported by evidence showing that hepatocytes defi cient in Fas -receptor still undergo cell death after bile duct ligation or in culture after exposure to bile acids, indicating that the extrinsic apoptotic pathway is not essential for cytotoxic action ( 19 ) . In this case, cytotoxic bile acids could act directly on mitochondrial membranes, either through a change of mitochondrial membrane properties or through a direct increase in the permeability of mitochondrial membranes. A recent study put forward compelling evidence suggesting that cytotoxic bile acids detach the inner boundary membrane from the mitochondrial outer membrane (MOM) and, fi nally, induce MPT, likely at the remaining contact sites ( 20 ) .
In this work, we aimed to carry out for the fi rst time a comprehensive characterization of the effect of physiologically active concentrations of cytotoxic and cytoprotective bile acids on the membrane properties of the most likely targets for modulation of cell death by bile acids, the plasma membrane and the mitochondrial membranes. We show that even very high concentrations of both cytotoxic and cytoprotective bile acids only increase plasma membrane fl uidity of hepatocytes to a minor extent, and that this effect is not correlated with apoptosis. Additionally, the plasma Hickl setup (Berlin, Germany). Two-photon excitation (800 nm) was used to excite di-4-ANEPPDHQ. Two-photon excitation pulses were generated by an Ti:sapphire laser with a pulse frequency of 80 MHz. Emission light was selected with a dichroic beam splitter with an excitation SP700 short-pass fi lter and an emission 535/85 band-pass fi lter inserted in front of the photomultiplier and was recorded using a PMC-100-4 cooled highspeed PMT detection head (Becker and Hickl). Images were acquired using a Becker and Hickl SPC 830 module.
The analysis of fl uorescence decays was carried out using a nonlinear, least-squares iterative convolution method based on the Marquardt algorithm ( 28 ) through the use of the software SPCImage (Beker and Hickl).
MPT detection
MPT was measured spectrophotometrically during 30 min incubations at 37°C using mitochondria (1 mg of protein/ml) suspended in 3 ml of a Chelex-100-treated buffer containing 0.1 M NaCl, 10 mM MOPS, pH 7.4 ( 10 ) . Mitochondrial swelling was monitored at 540 nm in a Beckman DU 64 spectrophotometer. Basal values of mitochondria absorbance were measured for 5 min.
Lipid vesicle preparation
Large unilamellar vesicles (LUVs; 100 nm) were prepared through extrusion as previously described ( 29 ) . Vesicles were suspended in Tris buffer (10 mM Tris, 150 mM NaCl at pH 8.0, prepared in Milli-Q water) followed by freeze-thaw cycles and extrusion through polycarbonate fi lters (100 nm pore size). Liposomes with encapsulated dye were prepared in 10 mM Tris, 150 mM NaCl, 90 mM CF at pH 8.0. Nonencapsulated CF was separated from the liposomes by gel fi ltration chromatography on a Sephadex G-50 column.
All LUVs were kept at room temperature and in the dark until being used, at most for 48 h after being prepared. Lipid concentrations were determined by phosphorous analysis ( 30 ) , and Chol concentration was determined gravimetrically.
Membrane fl uidity measurements in isolated mitochondria and protein-free liposomes
Fluorescence steady-state measurements of di-4-ANEPPDHQ were performed as previously described ( 14 ) . The fl uorescence intensities were calculated through integration of the emission spectra obtained, and background fl uorescence intensity was always subtracted. For measurement of mitochondrial membrane fl uidity, isolated rat liver mitochondria were incubated with 5 µM di-4-ANEPPDHQ for 1 h. Unbound probe was removed through a 10 min centrifugation (7,000 g ) at 4°C. Fluorescence anisotropy values of di-4-ANEPPDHQ ( exc = 460 nm; em = 590 nm) were determined after incubating these samples with bile acids at 37°C. Di-4-ANEPPDHQ was incorporated in LUVs mimicking mitochondrial membranes at a probe-to-lipid ratio of 1:200.
Leakage assays in protein-free liposomes
In the CF leakage assay ( exc = 492 nm; em = 517 nm), LUVs encapsulating CF in suspensions containing 200 M of lipids were incubated with 100-500 M of bile acids. Complete (100%) permeabilization was achieved via the addition of Triton X-100 to a fi nal concentration of 1%. Spontaneous leakage was always measured in the absence of bile acids, and experiments were conducted at 25°C. The percentage of CF leakage induced by bile acids was calculated as Leakage (%) = 100 × [( F Ϫ F 0 ) Ϫ ( F c Ϫ F 0 )]/( F t Ϫ F 0 ), in which F and F t are the fl uorescence intensity prior to and after the addition of the Triton X-100 (after incubation with bile acids), respectively, and F 0 and F c are the fl uorescence of intact vesicles before and after the same incubation the incubator with controlled temperature (37°C), humidity, and CO 2 levels (5%). Low calcium liver mitochondria were isolated from male 200-250 g Sprague-Dawley rats by density gradient centrifugation, as previously published ( 18, 24 ) . All experiments involving animals were performed by an investigator accredited for directing animal experiments (Federation of Laboratory Animal Science Associations, FELASA level C), in conformity with the Public Health Service Policy on Humane Care and Use of Laboratory Animals, incorporated in the Institute for Laboratory Animal Research's Guide for the Care and Use of Laboratory Animals . Experiments received prior approval from the Portuguese National Authority for Animal Health.
Cell viability and caspase-3/7 activity measurements
Rat primary hepatocytes were cultured in 96-well assay plates, and the ApoTox-Glo triplex assay (Promega Corp., Madison, WI) was used according to the manufacturer's protocol. Cell death was also evaluated by the Lactate Dehydrogenase (LDH) assay kit (Sigma) and LDH activity was evaluated in cell culture media. Fluorescence measurements were carried out using a Bio-Rad microplate reader model 680 (Bio-Rad, Hercules, CA).
Confocal and two-photon fl uorescence microscopy
All measurements were performed on a Leica TCS SP5 (Leica Microsystems CMS GmbH, Manheim, Germany) inverted confocal microscope (DMI600). Excitation lines were provided by an Argon laser that was focused into the sample by an apochromatic water immersion objective (63×, NA 1.2; Zeiss, Jena, Germany). A 111.4 m diameter pinhole positioned in front of the image plane blocked out-of-focus signals.
Two-photon excitation measurements of Laurdan were obtained using the same setup coupled to a Ti:sapphire laser (Mai Tai, Spectra-Physics, Darmstadt, Germany) as the excitation source. The excitation wavelength was set to 780 nm and the fl uorescence emission of Laurdan was collected at 400-460 nm ( I 400-460 ) and 470-530 nm ( I 470-530 ). Following incubation with bile acids, rat primary hepatocytes and HEK293T cells were incubated with 5 µM of Laurdan for 15 min. Generalized polarization (GP) images were obtained using homemade software developed in a MATLAB environment (Mathworks, Natick, MA), with the GP value defi ned as GP = ( I 400-460 Ϫ G· I 470-530 )/( I 400-460 + G· I 470-530 ). Both channel intensities are corrected for background contributions, and the calibration factor G was obtained from imaging Laurdan in DMSO using the same experimental conditions as those set for the samples under study ( 25 ) .
Colocalization studies with A594-WGA were performed with 633 nm excitation and detection of emission at 695 ± 55 nm. For the colocalization studies between bile acid analogs and the mitochondrial marker, Rho-123, spectral imaging was performed in combination with linear unmixing ( 26 ) because the n -(7-nitrobenz-2-oxa-l,3-diazol-4yl) (NBD) and Rho-123 spectra display partially overlapped. Briefl y, fl uorescence from cells labeled with bile acid analogs and Rho-123 was acquired at different wavelengths for excitation at 458 and 514 nm, and images were computationally processed by a linear unmixing algorithm using the distinct reference spectrum of NBD and Rho-123, which were obtained independently. This procedure was carried out using homemade software created in a MATLAB environment (Mathworks). The product of the difference from the mean (PDM) and Pearson's correlation coefficient ( R r ) ( 27 ) parameters were obtained through WCIF ImageJ (http://www.uhnresearch.ca/facilities/ wcif/imagej/). ( 14, 17 ) have confi rmed that apoptosis-inducing bile acids are able to modulate lipid membrane fl uidity, suggesting that their physiological activity could be associated with this effect. Different organelles have been anticipated as targets for cytotoxic bile acids, namely, the plasma membrane ( 17 ) and the mitochondria ( 20 ) . Our approach to elucidate this issue was to carry out a quantitative evaluation of the impact of physiologically active DCA concentrations on the membrane order of both these organelles.
Confocal microscopy measurements on rat hepatocytes were carried out using fl uorescent probes sensitive to membrane order. Both di-4-ANEPPDHQ ( 31, 32 ) and Laurdan ( 33, 34 ) have proved to be extremely sensitive to changes in membrane order through changes in their fl uorescence emission spectra or lifetimes. Both molecules sense the reorientation of solvent dipoles, whose strength is directly dependent on membrane fl uidity, this being related to water penetration within membranes ( 31, 33 ) . The measurement of shifts in Laurdan emission spectra through ratiometric imaging ( 25 ) and changes of di-4-ANEPPDHQ fl uorescence lifetime through FLIM ( 32 ) are widely used methodologies that allow for a quantitative assessment of membrane order in living cells.
The membrane probe di-4-ANEPPDHQ failed to incorporate in hepatocytes so that only Laurdan was used to detect bile-acid-induced changes in the membrane order of these cells. Laurdan fl uorescence emission spectral shifts were quantifi ed through the GP function, and higher GP values are associated with higher membrane ordering. In agreement, higher GP values were measured for the plasma membrane than in intracellular membranes ( Fig. 2A and supplementary Fig. 2 ). This was expected because the Chol concentration is much higher in the plasma membrane. The membrane order of untreated hepatocytes changed over time in a reproducible way (supplementary Fig. 2 ), probably due to the adaptation of cells to time. In this way, leakage values were corrected for any intrinsic leakage observed in the absence of bile acids.
RESULTS
Concentration and time-dependent effect of cytotoxic and cytoprotective bile acids on hepatocyte viability and apoptosis
In order to investigate a possible correlation between programmed cell death and changes in hepatocyte membrane order after treatment with bile acids, we fi rst studied the concentration-and time-dependent effect of the cytotoxic and cytoprotective bile acids on cell viability and on the triggering of apoptosis ( Fig. 1 ). Results clearly show that at the lower concentrations used (100 M), only cells treated with DCA have signifi cantly lower viability and highly upregulated apoptosis over time ( Fig. 1A, C ). Increased levels of apoptosis during DCA treatment are only detected after an incubation of 4 h ( Fig. 1C ) , and cell viability starts to decrease after this time ( Fig. 1A ) . For a necrosis-inducing concentration of DCA (500 M), a signifi cant decline in cellular viability and drastically higher apoptosis levels are already detected 2 h after the start of the treatment ( Fig. 1B, D ) . Lower levels of apoptosis were detected for longer incubation times, probably as a result of necrosis. At this higher concentration, UDCA is no longer cytoprotective, and an upregulation of apoptosis is detected as well as a signifi cant decrease in cell viability. TUDCA, on the other hand, did not demonstrate signifi cant toxicity even after 24 h of hepatocyte treatment at 500 M of the bile acid.
Impact of cytotoxic and cytoprotective bile acids on plasma membrane and intracellular membrane fl uidity
Recent results on the interaction of cytotoxic bile acids such as DCA with membrane model systems and on GPMVs in intracellular membrane fl uidity are observed ( Fig. 3B ) , and Laurdan GP values for the plasma membrane, which is exposed to bile acids, are largely insensitive to the presence of cytotoxic and cytoprotective bile acids ( Fig. 3C ) .
The alternative sensor for membrane order, di-4-ANEPPDHQ, effi ciently incorporated in the plasma membrane of HEK293T cells and was also used to probe for bile-acid-induced changes in plasma membrane properties ( Fig. 3D-F ). Decreases in membrane ordering are expected to induce a signifi cant decrease in fl uorescence lifetime of di-4-ANEPPDHQ in living cells ( 32 ) , and FLIM measurements were carried out in HEK293T cells before and after a 30 min exposure to bile acids ( Fig. 3D ) . A minor decrease in plasma membrane order after exposure to physiologically active concentrations of bile acids was detectable through di-4-ANEPPDHQ fl uorescence lifetimes because incubation of HEK293T cells with DCA, UDCA, and TUDCA induced a small decrease in the fl uorescence lifetime of di-4-ANEPPDHQ ( Fig. 3E ). As previously observed in hepatocytes with Laurdan, after long incubations with bile acids, membrane fl uidity returned to control levels ( Fig. 3F ). The fact that no signifi cant changes in HEK293T plasma membrane fl uidity were observed with Laurdan after exposure to bile acids, but some decrease in membrane order is still observed with di-4-ANEPPDHQ, suggests that the impact of bile acids on the plasma membrane is much higher in the bile-acid-exposed outer leaflet, as the translocation of the cationic di-4-ANEPPDHQ across the membrane is very slow, while Laurdan easily fl ip-fl ops due to the absence of charge. This is consistent with the absence of bile acid internalization, when only the outer leafl et of the plasma membrane remains exposed to bile acids.
Because Chol was recently shown to modulate the membrane affi nity of bile acids ( 14 ) , the impact of DCA on plasma membrane order was also evaluated after partial Chol depletion with 10 mM CD. This concentration of CD has been reported to remove 30-60% of cellular Chol, depending on cell type, and to disrupt membrane rafts ( 36 ) . CD treatment reduced plasma membrane order considerably, as reported by the substantial decrease in di-4-ANEPPDHQ fl uorescence lifetime, but even after Chol depletion, 100 M DCA had no major impact on plasma membrane order ( Fig. 3E ).
The absence of considerable and nontransient modulation of plasma membrane order by DCA is surprising, given the ability of this bile acid to inhibit Chol ordering in membrane model systems ( 14 ) . Clearly, the minor changes in plasma membrane properties detected upon DCA treatment of hepatocytes are not responsible for its apoptosis/necrosis-promoting effect, because identical relative changes are observed in both DCA-responsive (hepatocytes) and DCA-nonresponsive cells (HEK293T), as well as for noncytotoxic bile acids. These results strongly suggest that changes in plasma membrane order are not the mechanism through which DCA induces apoptosis.
Similarly, the changes detected in intracellular membrane order in hepatocytes after a short incubation period with bile acids were common to all bile acids tested ( Fig. 2 ) , and only the onset of apoptosis gave rise to considerable the culture environment. From this experiment, control values are obtained (GP control ), this allowing us to determine the relative GP variations ( ⌬ GP = GP bile acid Ϫ GP control ) for each bile acid and incubation time. These values are shown in Fig. 2B -F . Results are presented for both the average ⌬ GP of intracellular membranes ( Fig. 2B-D ) and for the plasma membrane ( Fig. 2E, F ) of bile-acid-treated hepatocytes compared with untreated cells.
After incubation of hepatocytes with 100 M of DCA during 4 h, only a moderate decrease of GP values in intracellular membranes was observed ( Fig. 2B ) , and longer exposures led to an increase in intracellular membrane order. Exposure to higher (necrosis-inducing) concentrations of DCA (500 M) virtually eliminated the early decrease in GP values for intracellular membranes and potentiated the late increase in membrane ordering. Incubations of hepatocytes with UDCA and TUDCA at 100 M had no impact on intracellular membrane fl uidity ( Fig.  2C, D ) , although higher concentrations of these bile acids also led to an early decrease in the average intracellular membrane order. However, for both bile acids, Laurdan GP values recovered to control values over time. This recovery is highly indicative of the presence of cellular compensatory mechanisms such as membrane traffi c, lipid synthesis, or bile acid effl ux, which might contribute to reduce bile-acid-dependent membrane damage. In light of these results, the late increases in GP values observed after long incubations with DCA are likely associated with membrane composition changes resulting from cell death because they are not detected for cytoprotective bile acids, and for 100 M DCA, this increase in GP values only occurs after the onset of apoptosis ( Fig. 1C ) and cell death ( Fig. 2G ) .
The impact on hepatocyte plasma membrane order was moderate for all bile acids studied, even at high concentrations and short ( Fig. 2E ) or long ( Fig. 2F ) incubation times. Lower hepatocyte plasma membrane order was detected 1 h after incubation with DCA, UDCA, and TUDCA ( Fig. 2E ) , and as observed for intracellular membranes, Laurdan GP recovered over time to values closer to control values ( Fig. 2F ). Unlike in intracellular membranes, no signifi cant late changes in membrane order were detected for the plasma membrane after DCA treatment, even at necrosis-inducing concentrations ( Fig. 2F ) .
The impact of cytotoxic and cytoprotective bile acids on plasma and intracellular membrane structure was also assessed in HEK293T cells. A much lower intracellular bile acid infl ux is anticipated for the nonhepatic HEK293T cells, given the absence of the bile acid transporters present in hepatocytes ( 35 ) , so only the outer leafl et of the plasma membrane is expected to be in contact with a signifi cant concentration of these molecules, eliminating a possible infl uence of bile acids on mitochondrial membrane properties and on intrinsic apoptotic pathways. In fact, cytotoxicity studies confi rmed that this cell line had very low susceptibility for cell death induced by DCA (supplementary Fig. 3 ). Laurdan GP values in both intracellular and plasma membranes of HEK293T cells after exposure to DCA, UDCA, and TUDCA are shown in Fig. 3A -C and UDCA-NBD were found to incorporate nonspecifically in intracellular membranes. The bile acid analogs exhibit a very limited insertion in the plasma membrane, suggesting a low affi nity for this environment. The concentrations of the bile acid analogs in the cytosol are also relatively low. Both bile acid analogs are also clearly shown to insert in the mitochondrial membranes of hepatocytes ( Fig. 4C, F , insets) . Full overlap of Rho-123 and bile acid-NBD fl uorescence is not observed, because Rho-123 is found within the matrix space of mitochondria and the bile acid analogs insert mostly in the outer mitochondrial membranes (supplementary Fig. 4 ).
Interaction of bile acid analogs with mitochondria is not specifi c to hepatocytes, as it is also observed in HEK293T cells. In these cells, DCA-NBD fl uorescence is also found in mitochondria as evidenced by partial colocalization of Rho-123 marker and DCA-NBD ( Fig. 5C ). This partial colocalization is confi rmed and quantifi ed through calculation of PDMs ( Fig. 5D ) and of the Pearson's correlation coeffi cient (< R r >) of the two signals ( Fig. 5H ). Although this colocalization is clear, DCA-NBD fl uorescence is again observed throughout different intracellular compartments, revealing no apparent specifi c enrichment ( Fig. 5B, F ) . As in hepatocytes, very little DCA-NBD fl uorescence is detected in the plasma membrane ( Fig. 5E-H ) .
Previous work with model membranes showed that membrane ordering and Chol concentration dramatically infl uenced the partition of both cytotoxic and cytoprotective bile acids to lipid membranes ( 14 ) . The preference of DCA-NBD for intracellular membranes, which present signifi cantly lower Chol concentration compared with the plasma membrane, suggested that this property could contribute to defi ne the preferential sites for accumulation of bile acids intracellularly. However, Chol depletion and membrane raft disruption with 10 mM CD had no impact on the concentration of DCA-NBD in the plasma membrane ( Fig. 5H ). Thus, it is unlikely that exclusion of bile acids from the plasma membrane is solely dictated by differences in Chol concentration, and other unknown factors are expected to be responsible for this effect.
hepatocyte intracellular membrane modifi cations as revealed by their biophysical parameters. In the absence of apoptosis, both hepatocytes and a nonhepatic cell line were shown to have compensatory mechanisms that led to full abolition of bile acid perturbation of cellular membrane order after long incubations. Thus, it seems evident that the apoptotic modulatory effect of cytoprotective UDCA/TUDCA and cytotoxic DCA is also not the result of indiscriminate changes in the structure of cellular membranes, and more specifi c mechanisms must account for these effects.
Subcellular distribution of bile acid derivatives
In order to determine whether bile acids have the potential to incorporate in mitochondrial membranes, the distribution of the fl uorescent conjugates, DCA-NBD and UDCA-NBD, in living cells was followed through confocal microscopy, both in hepatocytes ( Fig. 4 ) and in HEK293T cells ( Fig. 5 ). Similar fl uorescent conjugates of bile acids have been extensively used to study the mechanisms of uptake and excretion of bile acids by hepatocytes (37) (38) (39) (40) . These bile acid fl uorescent analogs were characterized in a previous study, where DCA-NBD and UDCA-NBD were shown to have a superfi cial location in lipid membranes and to interact preferentially with less ordered liposomes, in agreement with results obtained with unmodifi ed bile acids ( 14 ) . Thus, the labeled bile acids are expected to be adequate reporters for the intracellular distribution of unmodifi ed bile acids. However, some important differences between the modifi ed and unmodifi ed molecules are still present, namely, because the fl uorescent analogs are uncharged, cellular uptake does not require membrane transporters, and uptake by both hepatic and nonhepatic cells (HEK293T) is passive and fast ( Figs . 4, 5 ) .
Rho-123 is a noncytotoxic, cell-permeant, cationic dye that is rapidly sequestered in the matrix space of polarized mitochondria ( 41 ) . Hepatocytes were incubated with Rho-123 and either DCA-NBD or UDCA-NBD, and the respective fl uorescence confocal microscopy images are shown in Fig. 4 . Effi cient mitochondria labeling by Rho-123 on hepatocytes was observed ( Fig. 4B, E ) , while DCA-NBD Supplemental Material can be found at: ( 20 ) . Previous studies have also identifi ed changes in average membrane fl uidity of isolated mitochondria after exposure to toxic bile acids ( 44 ) . Here, we aimed to follow in real time the changes in MOM properties and correlate these changes with the onset of MPT. Although during in vivo cholestasis, the total intracellular concentrations of bile acids in hepatocytes are reported to be ‫ف‬ 800 µM ( 45, 46 ) , it is diffi cult to estimate the intracellular concentration of free bile acids as a signifi cant population is expected to be complexed with membranes and proteins. For this reason, we chose to carry out measurements with isolated mitochondria at identical concentrations as used in the other experiments, so that direct comparisons for membrane sensitivity to DCA insertion could be established.
Measurements of MOM fl uidity in functional freshly isolated mitochondria were carried out using di-4-ANEPPDHQ ( Fig. 6 ), whose fl uorescence properties have been shown to be extremely sensitive to membrane composition and order ( 25 ) . Although the MOM is permeable to small hydrophilic molecules due to the presence of mitochondrial porins ( 47 ) , di-4-ANEPPDHQ is expected to selectively stain the MOM, as a result of the presence of two cationic groups and a large hydrophobic moiety in this molecule, which drastically minimize fl ip-fl op across membranes ( 31 ) and porin transport ( 47 ) , respectively. The fl uorescent membrane probe readily incorporated in isolated mitochondria and unbound di-4-ANEPPDHQ was removed through centrifugation. Fluorescence anisotropy of membrane-inserted probes such as di-4-ANEPPDHQ is ideally suited to follow changes in membrane structure/dynamics. In fact, because rotation of these molecules is hindered within membranes, any structural or dynamical change in membrane properties will affect the rotational freedom of the molecule, and
The results for the subcellular distribution of UDCA-NBD after uptake in HEK293T cells are largely analogous to those obtained with DCA-NBD (supplementary Fig. 5 ). Cytoprotective UDCA-NBD is also found in mitochondrial membranes, while very little UDCA-NBD is detected at the plasma membrane. These results reinforce the notion that apoptosis modulation by bile acids is likely not the result of changes in plasma membrane organization.
Impact of cytotoxic and cytoprotective bile acids on mitochondrial membranes
The ability of bile acid conjugates to bind to mitochondria was also confi rmed through steady-state fl uorescence intensity measurements of bile acid fl uorescent analogs. Incubation of both DCA-NBD and UDCA-NBD with freshly isolated liver mitochondria resulted in an increase in fl uorescence intensity of the labeled bile acids, which is clear evidence of interaction (supplementary Fig. 6 ).
Given the presence of both classes of bile acids in the mitochondrial membrane during incubation of living cells, there is a strong potential for modulation of mitochondrial membrane properties. Because the integrity of mitochondrial membranes is essential for cellular survival, these changes might also potentially lead to an activation/ inhibition of MPT. Importantly, changes in mitochondrial membrane fl uidity have been correlated with differential Bax activation and apoptosis ( 42 ) and import of glutathione into the mitochondria ( 43 ) . Recently, it was demonstrated through electron microscopy of isolated mitochondria that after exposure to toxic concentrations of bile acids, mitochondria undergo a dramatic reorganization of the MOM before the onset of MPT, suggesting that the MOM is the major target site for cytotoxic bile acids within mitochondria necrosis-inducing concentrations (500 M), the fl uorescence anisotropy reached < r > ‫ف‬ 0.32, just 2 min after the start of the incubation ( Fig. 6 C, D ) . The fl uorescence anisotropy is dependent on both rotational motions and on the fl uorescence lifetime of the fl uorophore, as described by Perrin's equation ( 48 ) , but although a minor fl uorescence quenching of di-4-ANEPPDHQ is observed in the presence of DCA (5-10%, depending on [DCA]), this is insuffi cient to produce the observed changes in fl uo rescence anisotropy [50-62% fl uorescence quenching would be this is easily detected through steady-state fl uorescence anisotropy (< r >) measurements. The fl uorescence anisotropy of di-4-ANEPPDHQ within isolated mitochondria was measured to be < r > ‫ف‬ 0.24 ( Fig. 6 ) .
The fl uorescence anisotropy (< r >) of di-4-ANEPPDHQ within MOM increased immediately after exposure of isolated mitochondria to DCA in a concentration-dependent manner. At lower concentrations of DCA (100 M), the fl uorescence anisotropy of di-4-ANEPPDHQ stabilized at < r > ‫ف‬ 0.30, 10 min after the start of the incubation, while for The specifi c nature of the structural changes detected in the MOM after exposure to DCA are unclear because no alteration in di-4-ANEPPDHQ fl uorescence anisotropy is observed in protein-free liposomes mimicking the MOM lipid composition after exposure to DCA, even at high concentrations ( Fig. 7A ) . No changes in di-4-ANEPPDHQ fl uorescence emission spectra after incubation with DCA were identifi ed as well (results not shown). MOM mimetic liposomes were loaded with CF under fl uorescence self-quenching conditions and were exposed for 1 h to 100 M of DCA, UDCA, and TUDCA. The increase in fl uorescence intensity is proportional to the fraction of CF released and can be used to estimate liposome permeability to small molecules (% CF leakage). At apoptotic concentrations of DCA, the permeability of these protein-free liposomes mimicking MOM lipid composition was only marginally increased, without signifi cant differences between cytotoxic and cytoprotective bile acids ( Fig. 7B and supplementary Fig. 8 ).
These results are strongly supportive of the notion that DCA, in the range of concentrations where it is physiologically active, does not increase mitochondrial membrane permeability through direct modulation of the mitochondrial lipid structure, and DCA apoptotic activity depends on features of mitochondrial membranes that are absent from protein-free mimetic liposomes, namely, the mitochondrial double-membrane structure, the asymmetric distribution of lipids, or the mitochondrial protein environment.
DISCUSSION
Cytotoxic bile acids have been shown to induce cell death through multiple pathways, depending on their concentrations ( 3, 4 ) , but the corresponding mechanism of action of these molecules is still highly ambiguous and a matter of much debate, as the target of these molecules has recently been alternatively suggested to be the plasma membrane ( 17 ) or the MOM ( 20 ) . Our previous studies have demonstrated that at physiologically active concentrations, cytotoxic bile acids have the potential to modulate the structure of lipid membranes, but only for certain lipidic compositions, namely, in the presence of low concentrations of Chol ( 14 ) . These results confi rmed that necessary to induce the observed increases in < r > as dictated by Perrin's equation ( 48 ) ]. Therefore, the increase in fl uorescence anisotropy of di-4-ANEPPDHQ within the MOM observed after exposure to DCA is a result of decreased anisotropic rotational motions within the membrane and refl ects considerable changes in MOM structure and dynamics. A shift of di-4-ANEPPDHQ fl uorescence emission spectra to shorter wavelengths is also observed after exposure to DCA, which is consistent with a less polar environment (supplementary Fig. 7) .
The increase in di-4-ANEPPDHQ fl uorescence anisotropy in the presence of DCA is considerably faster than the swelling of mitochondria, as detected by changes in OD at 540 nm ( Fig. 6B-D ) , suggesting that the structural changes observed in the MOM precede activation of MPT. On the other hand, UDCA and TUDCA only induced minor increases in the fl uorescence anisotropy of di-4-ANEPPDHQ ( Fig. 6A , E, F ) and did not lead to activation of MPT, as no swelling was detected ( Fig. 6B ) .
For comparison purposes, protein-free liposomes mimetic of MOM were also prepared with a lipid composition of phosphatidylcholine (PC)/phosphatidylethanolamine (PE)/PI/CL /Chol (48:25:12:6:9) ( 49-53 ). Mitochondrial phospholipid composition varies little among different cells, and although the concentration of CL at the MOM is still a controversial subject ( 51, 53 ) , the presence of signifi cant concentrations of this lipid at mitochondrial contact sites has been extensively confi rmed ( 50, 53 ) . The fl uorescence anisotropy of di-4-ANEPPDHQ within MOM mimetic liposomes is signifi cantly higher (< r > ‫ف‬ 0.30) than the value obtained for di-4-ANEPPDHQ within isolated mitochondria ( Fig. 7 ). Because the fl uorescence anisotropy of di-4-ANEPPDHQ exhibited very little sensitivity to small changes in the proportion of the lipid components of liposomes mimetic of MOM (results not shown), the observed differences cannot be attributed to the uncertainty in mitochondrial membrane lipid composition and must be associated either with differences in structure (absence of mitochondrial doublemembrane structure in protein-free liposomes mimetic of MOM), with the asymmetric distribution of lipids in mitochondrial membranes, or with the presence of proteins within the MOM ( 53 ). the nontoxic bile acid TUDCA on the average intracellular membrane fl uidity (before the onset of apoptosis and cell death) suggests that the overall decrease in membrane fl uidity detected shortly after incubation with DCA is not responsible for the activation of cell death pathways.
Because neither changes in plasma membrane structure nor generalized changes in intracellular membrane fl uidity are responsible for the physiological impact of DCA, activation of cell death must be associated with an alternative target. Confocal microscopy measurements with both bile acid fl uorescent analogs studied (DCA-NBD and UDCA-NBD) showed no evidence of enrichment in specifi c organelles. However, mitochondria were shown here to incorporate signifi cant levels of these molecules. Given that resistance to cytotoxic bile acids by specifi c cell types has been associated with both upregulation of Bcl-2 proteins ( 54, 55 ) and changes in mitochondria membrane composition ( 56 ) , and that cytotoxic bile acids have been shown to induce MPT, cytochrome c release from isolated mitochondria, and changes in MOM morphology ( 20, 57 ) , it is reasonable to assume that mitochondrial membranes are a likely target for these molecules.
After incubation of isolated mitochondria with DCA, both time-and concentration-dependent perturbations of MOM structure were detected, as revealed by fl uorescence anisotropy measurements of di-4-ANEPPDHQ ( Fig. 6 ). These membrane changes preceded the MPT and are likely related to the previously observed morphological changes in MOM morphology during incubation of isolated mitochondria with toxic bile acids ( 20 ) . Importantly, cytoprotective bile acids were not able to alter mitochondrial membrane structure, unlike what has been observed previously for other organelles ( Fig. 2 ) . Thus, our results strongly suggest that unlike the plasma membrane, the MOM structure is specifi cally modifi ed by cytotoxic bile acids. The protein and lipid makeup of these two compartments is drastically different ( 52, 58 ) , which could justify the much greater affi nity of bile acid analogs for the mitochondrial membranes ( Figs. 4, 5 ) . These results are consistent with a mechanism of action involving triggering of cell death through a mitochondria-dependent pathway. This would be in agreement with reports showing that changes in mitochondrial membrane properties are correlated with differential Bax activation and apoptosis ( 42 ) and import of glutathione into the mitochondria ( 43 ) . Such modulation of cell death by modifi cation of MOM structure could also help explain why cytotoxic bile acids induce the mitochondrial translocation of Bcl-2 proteins ( 3, 7, 59, 60 ) . In this case, the extent of mitochondria membrane perturbation by cytotoxic bile acids could contribute to the defi nition of cell death pathway, as apoptotic and necrotic-inducing concentrations of DCA perturbed the MOM to different degrees ( Fig. 7 ) . Our data also show that the changes in mitochondrial membrane fl uidity and permeability induced by DCA were not reproduced in protein-free liposomes with a lipidic composition mimetic of the MOM. These results indicate that the DCA apoptotic activity depends on features of mitochondrial membranes that are absent from protein-free mimetic liposomes, such as the double-membrane structure, lipid the mechanism of action of cytotoxic bile acids could be associated with modulation of membrane properties but did not offer any information on the cellular target of these molecules. In order to address this issue, we aimed here to carry out a comprehensive study on the impact of physiologically active concentrations of the cytotoxic bile acid DCA on the membrane structure of both the plasma membrane and the MOM of isolated hepatocytes. Because the detection of membrane structural changes is not by itself evidence that the impacted organelle is the site of action of DCA, we also carried out time-dependent quantitative measurements of membrane fl uidity (both on live cells and isolated organelles), cell death, apoptosis, and mitochondrial swelling, which allowed for correlations to be established. Both concentrations of DCA previously shown to induce apoptosis (100 M) and necrosis (500 M) were tested to probe for distinctive patterns of membrane perturbation associated with each of the cell death pathways. Experiments were also always carried out in parallel with cytoprotective bile acids for comparison.
Our results clearly show that the fl uidity of the plasma membrane increases after exposure to DCA or to the cytoprotective UDCA or TUDCA, as evaluated from changes in Laurdan GP values ( Fig. 2E ) . A similar effect is also observed for HEK293T cells ( Fig. 3E ), which are not susceptible to DCA-induced cell death and for which a much lower bile-acid infl ux is expected, given the absence of the bile acid transporters. As a result of the lower intracellular concentrations of bile acids within these cells, the membrane order of the outer leafl et of the plasma membrane seems to be more sensitive to the presence of bile acids than the inner leafl et. However, plasma membrane fl uidity for both cell types quickly recovered to control values after <5 h of incubation ( Figs. 2F , 3F ), suggesting that effi cient cellular mechanisms are present to compensate for this effect. Such compensatory mechanisms were also previously observed when cytotoxic bile acids induced a much larger impact on isolated GPMVs than on the plasma membrane of living cells ( 17 ) . Although we cannot totally exclude an effect of bile acids on very specifi c plasma membrane components, these results strongly suggest that nonspecifi c changes in plasma membrane biophysical properties are not the mechanism through which DCA induces apoptosis in healthy hepatocytes. These results were further supported by the detection through confocal microscopy of very low levels of bile acid fl uorescent analogs in the plasma membrane of hepatocytes ( Fig. 4 ) .
For hepatocyte intracellular membranes, the average membrane fl uidity also increases initially (Laurdan ⌬ GP decreases) after incubation with both cytoprotective and cytotoxic bile acids ( Fig. 2B-D ) . As in the plasma membrane, membrane fl uidity recovers to control values for cytoprotective bile acids, suggesting similar compensatory effects. However, only for the cytotoxic DCA, a late decrease in membrane fl uidity (Laurdan ⌬ GP increases) is observed ( Fig. 2B ). This is associated with compositional changes in intracellular membranes of dead/dying cells, because they only occur after the onset of apoptosis and cell death ( Figs. 1C , 2G ) . Again, the impact of DCA and by guest, on www.jlr.org Downloaded from .html http://www.jlr.org/content/suppl/2015/09/08/jlr.M062653.DC1 Supplemental Material can be found at: asymmetry, or the mitochondrial protein environment. It is also relevant that both cytoprotective bile acids used in this work did not induce signifi cant nontransient changes in any of the cellular membranes studied. Therefore, their mechanism of action is likely not associated with direct perturbation of the membrane fl uidity of either the plasma membrane or the mitochondria.
In this report, we aimed to clarify the current ambiguity on the possible cellular targets of cytotoxic bile acids. The application in this study of a reductionist approach relying on the use of cell cultures, isolated mitochondria, and protein-free liposomes has its limitations because, in vivo, the membranes of the different cellular organelles will be exposed to a considerably more complex mixture of bile acids, as well as to a much greater heterogeneity in both protein-bile acid and lipid-bile acid complexes. However, the results presented here strongly suggest that mitochondrial membranes are more susceptible to DCA-induced structural changes than the plasma membrane and support a model of mitochondria-dependent pathway for cell death modulation by DCA, induced by perturbation of the mitochondrial membrane environment.
We show that while both toxic (DCA) and nontoxic bile acids (UDCA, TUDCA) induce an increase in the average membrane fl uidity of hepatocytes, these effects are transient and not correlated with apoptosis. Importantly, the plasma membrane is only moderately affected by both classes of bile acids, including in nonhepatic cells, which are not susceptible to apoptosis by DCA. On the other hand, MOM structure is shown to be heavily perturbed in the presence of DCA, while only marginally sensitive to the presence of nontoxic concentrations of UDCA/ TUDCA. MOM perturbation by DCA also precedes the onset of MPT, suggesting a possible link between the two processes.
